Introduction
The onset of tumor neovascularization is a multistep process that can occur by different mechanisms, of which angiogenesis is the most prominent. These are orchestrated by a wealth of activating and inhibiting factors whose balance will dictate whether endothelial cells are in a quiescent or activated state [1, 2] . Pathological tumor angiogenesis differs from physiological angiogenesis, such as during wound-healing, in that the balance between activating and inhibiting factors becomes lost, resulting in an endothelium undergoing continuous sprouting and expansion [3, 4] . Accordingly, tumors have been described by Harold Dvorak as 'wounds that never heal' [5] . Recognition of angiogenesis as a hallmark of cancer, together with vascular endothelial growth factor (VEGF) as one of the most important angiogenic drivers, has provided a convincing rationale for the development of VEGF and VEGF receptor inhibitors [6] [7] [8] . This has led to FDA approval of bevacizumab (Avastin, Genentech/Roche), a VEGF-trapping monoclonal antibody, as well as sorafenib (Nexavar, Bayer) and sunitinib (Sutent, Pfizer), kinase inhibitors that target the VEGF receptor (VEGFR) tyrosine kinases as well as other receptor tyrosine kinases (RTKs) [9, 10] . Despite the encouraging and favorable effects of these inhibitors in some patients, antiangiogenic therapy has ultimately been found to have rather transient beneficial effects [9] [10] [11] . With the short-lived nature of patient response, it has become evident that tumors have the ability to adapt to the pressures of vascular growth restriction, and the uncovering and suppression of such adaptations has become the focus of much research.
One bypass mechanism involves the recruitment of myeloid cells (Figure 1 ). Similarly to wounds, tumors drive the recruitment and infiltration of several innate immune cell populations, which include macrophages, immature monocytic and granulocytic myeloid-derived suppressor cells (M-or G-MDSCs, respectively), and neutrophils. Numerous preclinical studies have revealed that innate immune cells can drive angiogenesis during normal tumor progression, primarily through the production or liberation of angiogenic molecules within the tumor microenvironment. For example, macrophage-produced VEGF was shown to facilitate the angiogenic switch in the polyoma middle T antigen (PyMT) model of breast cancer [12, 13] , while VEGF released from the tumor extracellular matrix by myeloid cell-derived MMP-9 induced angiogenesis in models of cervical, brain, and pancreatic cancer [14] [15] [16] . Cells expressing the Gr1 cell surface marker, which include MDSCs and neutrophils, have also been shown to drive angiogenesis in various tumor models at least in part via VEGF and matrix metalloprotease MMP-9 production [17] [18] [19] [20] . Myeloid cells recruited to the tumor microenvironment during VEGF-signaling inhibition are thought to evoke resistance via the production of alternative proangiogenic factors, and several pathways facilitating such recruitment have already been identified: these include upregulation of the angiopoietin 2 (ANG2)-TIE2 (endothelial specific receptor tyrosine kinase 2, TEK) signaling axis, granulocyte colony stimulating factor (GCSF) production, and the placental growth factor (PlGF)-VEGFR1 signaling axis [21] [22] [23] . Accordingly, dual inhibition of VEGF-ANG2 using the bispecific CrossMab antibody has had promising preclinical results and is currently in a Phase I clinical trial as a single agent for patients with locally advanced or metastatic solid tumors (NCT01688206).
In contrast to wounds, where innate immune cells are initially recruited to the site to clear microbial cells and debris via type 1 T helper cell (Th1) responses, and later become immune-suppressive and proangiogenic in the resolution phase where tissues are repaired, myeloid cells infiltrating into tumors often immediately become suppressors of immunity. This stems from their lack in cytotoxic activity and their ability to block effector T cell expansion and function primarily via depletion of amino acids, the induction of oxidative stress, and production of Th2 cytokines [24, 25] . That myeloid cells drive tumor growth not only by activating angiogenesis, but also by allowing the tumor to escape antitumor immune responses, suggests a regulatory link between immune suppression and proangiogenic activity in tumor-associated myeloid cell types.
From this perspective it is conceivable that skewing myeloid cells from an immune-suppressive towards an immune-stimulating phenotype is akin to killing two birds with one stone, and could be presumed to be favorable over cell depletion strategies because these leave intact the pivotal function of the innate immune system in generating immunity.
We summarize below the involvement of distinct myeloid cell populations in tumor angiogenesis and highlight intratumoral mediators that regulate and likely couple myeloid immune suppression and angiogenesis. We will discuss the advantage of strategies that tackle both phenotypes and propose that simultaneously inhibiting the protumoral activities of myeloid cells may prove more effective than agents targeting single myeloid populations. Several ongoing clinical trials are currently assessing the effects of targeting distinct myeloid populations; therefore, understanding such mechanisms is imperative to design powerful antiangiogenic immune therapies.
Tumor angiogenesis
The induction of angiogenesis has been defined by Hanahan and Weinberg as one of the six pivotal hallmarks of cancer [26] . Similarly to normal tissues, tumors require an adequate supply of oxygen and the removal of metabolic waste, although these requirements vary among tumor types and change over the course of tumor progression. Accordingly, solid tumors undergo a context-dependent angiogenic switch in which they induce the formation of new blood vessels once they outgrow the reach of the surrounding preexisting vasculature. Several distinct mechanisms have been described that lead to the formation of new vasculature within tumors (Box 1), with angiogenesis being the most prominent and best-understood mechanism. Under normal physiological conditions, the adult vasculature is mostly quiescent and is maintained in this state via the balance of proangiogenic molecules, which include VEGF, fibroblast growth factor (FGF), and ANG family members, as well as angiostatic molecules including thrombospondin-1, specific endogenous extracellular matrix (ECM) and basement membrane degradation products such as endostatin and tumstatin, and some CXCL chemokines [1, 27, 28] . Angiogenesis arises through the production of conditions that break this balance in G-MDSC  TAM   TEM   TAM   VEGF, SEMA3A, CCL2,  CSF-1, CXCL2, IL-6,  IL-4, ANG2, SDF1α   VEGF, ANG2, CCL2,  GCSF, CSF-1, IL-6,  IL [29] . Similarly to physiological angiogenesis, an excess of proangiogenic signals drives the initiation of tumor angiogenesis; however, unlike its normal counterpart, tumor angiogenesis is unable to reach homeostasis because there remains an overabundance of proangiogenic cues. This results in vessels that are abnormal at every level, with endothelial cells that are poorly interconnected and sometimes multilayered, uneven basement membranes, and fewer and more loosely attached pericytes [29] . As a consequence, the tumor vasculature becomes leaky, easing tumor cell intravasation and dissemination; furthermore, blood flow is irregular and sluggish, which together with an expanding tumor mass increases interstitial pressure and hypoxia, further exacerbating the angiogenic response [3, 29, 30] . In addition, tumor angiogenesis, in part through VEGF, also promotes tumor evasion from immune responses, and thus reversion of antitumor immunity may actually enhance the benefits of antiangiogenic therapy [1] .
VEGF links angiogenesis and immune suppression VEGF was among the first proangiogenic factors identified, and was initially isolated from tumor-related ascites and conditioned medium from cultured tumor cells as a vascular permeability factor [31] . VEGF expression and bioavailability within the tumor are regulated by multiple mechanisms within the tumor milieu, and it has become clear that VEGF is one of the most important angiogenic factors during development and is frequently upregulated in many solid cancers [4] . The bulk of VEGF angiogenic activity stems from its interaction with the receptor tyrosine kinase VEGFR2 on endothelial cells, and inhibitors targeting the VEGF/VEGFR-pathway are the most widely used antiangiogenic strategies in the clinic today [32] . In addition to its role in angiogenesis, VEGF has also been shown to inhibit immunity via multiple mechanisms ( Figure 2 ). For example, VEGF binds to VEGFR1 on CD34 + hematopoietic progenitors and inhibits their differentiation into mature dendritic cells via suppression of nuclear factor kB (NF-kB)-mediated transcription, which results in defective antigen presentation within tumors [33] . VEGF also induces programmed death ligand 1 (PDL1) expression on dendritic cells; PDL1 inhibits T cell activation and promotes self-tolerance through interactions with the PDL1 receptor, programmed cell death protein 1 (PD1), or the costimulatory molecule CD80 [34] . Furthermore, VEGF impedes T cell extravasation by limiting T cell adhesion to the luminal surfaces of blood vessels, inhibits the proliferation and cytotoxicity of cytotoxic T lymphocytes (CTLs), and stimulates the proliferation of T regulatory (Treg) cells [35] [36] [37] .
Mechanisms of myeloid-driven angiogenesis
Although historically it has been believed that tumor cells produce proangiogenic factors to induce neovascularization, it has become evident that host cells in the tumor environment significantly contribute to the production of proangiogenic molecules. Specifically, tumors recruit a variety of innate immune cell types that, once within the tumor, secrete angiogenic molecules that drive tumor angiogenesis [12, 14, 16, [38] [39] [40] [41] . These factors regulate various aspects of vessel formation and include several growth factors and cytokines -epidermal growth factor (EGF), FGF2, tumor necrosis factor a (TNF-a), transforming growth factor b (TGF-b), platelet-derived growth factor, placental growth factor (PIGF), neuropilin-1, CXCL chemokines (CXCL-8, -12), and semaphorins, as well as various proteases including matrix metalloproteinases (MMP-2, -7, -9, and -14) and cysteine cathepsin proteases [15, 16, 23, 29, [42] [43] [44] [45] [46] [47] [48] [49] .
Box 1. Mechanisms of tumor neovascularization
Solid tumors induce the formation of new blood vessels when the existing vasculature is unable to meet oxygen and nutrient demands. Neovascularization can occur as a consequence of either sprouting angiogenesis from the existing vascular network, vasculogenesis via the recruitment and differentiation of vascular progenitor cells, or the partitioning of existing vessels into smaller vessels via intussusception. Sprouting angiogenesis occurs when angiogenic stimuli such as VEGF or FGF activate endothelial cells on preexisting blood vessels [94] . Activated endothelial cells migrate towards the source of the angiogenic cues by forming a sprout that consists of a single endothelial tip cell at the front followed by endothelial stalk cells attached to a preexisting vessel. The tip cell leads the nascent vessel by using filopodia to sense angiogenic cues and guide its migration, while stalk cells proliferate and give the vessel length. The dichotomy between endothelial tip and stalk cells stems from angiogenic factor-induced tip cell expression of the Notch ligand DLL4. This induces Notch activation in adjacent stalk cells, which blocks the tip cell phenotype. Recently, metabolic control over tip versus stalk phenotype was revealed, where oxidative phosphorylation activated Notch and blocked the tip cell phenotype, and glycolytic flux was required for Notch repression and acquisition of the tip cell phenotype [95, 96] . Angiogenic cues also recruit endothelial and pericyte progenitors from the bone marrow. Endothelial progenitor cells express CD34 and VEGFR2, and, unlike hematopoietic cells that also express these markers, can incorporate into blood vessels and form lumens [97] . Circulating pericyte progenitor cells express the hematopoietic markers Sca1 and PDGFRb [98] . These extravasate through the nascent vessel and take on a perivascular distribution. Once associated with the vessel, these cells mature into a-SMA-and desmin-expressing pericytes, which stabilize the structure and provide survival factors to the underlying layer of endothelium. Intussusception involves the bifurcation of vessels through a process that involves the indentation, attachment, and subsequent protease-driven division of opposing endothelial cells from a single vessel to form two daughter vessels; this mode of neovascularization does not require the generation of new endothelial cells and has only been demonstrated in tumors in response to treatment with the RTKi vatalinib [99] . Abbreviations: CD34, cluster of differentiation 34; DLL4, delta-like ligand 4; FGF2, fibroblast growth factor 2; PDGFRb, platelet-derived growth factor b; RTKi, receptor tyrosine kinase inhibitor; Sca1, stem cell antigen-1; aSMA, a-smooth muscle actin; VEGF, vascular endothelial growth factor; VEGFR2, vascular endothelial growth factor receptor 2.
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Trends in Immunology April 2015, Vol. 36, No. 4 One of the most prominent myeloid cell types are tumorassociated macrophages (TAMs). Historically, they have been defined as either antitumoral M1-skewed, exhibiting features similar to lipopolysaccharide (LPS) and interferon g (IFN-g) 'classically' activated macrophages, or protumoral M2-skewed, having properties similar to interleukin (IL)-4 and IL-13 'alternatively' activated macrophages [50] . In addition to mediating the angiogenic switch in a variety of tumor models, TAMs are potent suppressors of antitumor immunity, expressing a variety of Th2 cytokines including IL-10, and suppressing T cell function through several mechanisms including engagement of immune checkpoints via PDL1/2 and suppression of T cell receptor (TCR) reexpression via arginase secretion [24] . Over the years it has become evident that the M1/M2 polarization model is too simplistic to appropriately describe the heterogeneous macrophage phenotypes in tumors, and therefore it has been recently suggested to define myeloid cells instead by their phenotype, function, and context [51, 52] .
The significance of TAMs in tumor angiogenesis has been confirmed in various preclinical models. In the PyMT breast tumor model, depletion of intratumoral macrophages or genetic deletion of VEGF in macrophages delayed the angiogenic switch, thus VEGF produced by tumor-infiltrating macrophages facilitates the angiogenic switch and the progression to malignancy in this model [12, 13] . In addition, MMP-9 produced by tumor-infiltrating macrophages and neutrophils has been shown to increase the bioavailability of ECM-sequestered VEGF, thus providing an alternative mechanism of VEGF-induced angiogenesis in tumors [14] [15] [16] . TAMs express the receptor for colony stimulating factor 1 (CSF1R), and the studies identifying a role for TAMs in angiogenesis targeted TAMs by using mice harboring a null mutation for the CSF1R ligand CSF-1 [12, 13] . More recently, CSF1R-inhibition with the small-molecule inhibitor BLZ945 was found to not only reduce vascularity in murine glioma but also to suppress the expression of several immune-tolerant markers including arginase 1 (Arg1) and mannose receptor C1 (Mrc1), thus skewing TAMs towards an immune-stimulating phenotype and presumably activating antitumor immunity [53] . Indeed, CSF1R-inhibition was shown to induce the infiltration of CD8 + T cells, likely CTLs, in models of cervical, breast, and pancreatic cancer [54] [55] [56] . Conversion of TAMs towards an immune-stimulating phenotype has also been observed after B cell depletion, although the contribution of CSF1R here is unclear [57] . Interestingly, the effects of targeting CSF1R seem to be context-dependent. In glioma there was no decrease in TAMs after treatment, but in the cervical, breast, and pancreatic cancer models CSF1R-inhibition reduced TAM content. This warrants further investigation into the differences in molecular makeup between these cancers: because the retention of tumoricidal TAMs is favorable for approaches that activate immunity, uncovering the mechanisms that maintain TAM content is essential. Overall, the abundance of preclinical data has led to the initiation of several clinical trials targeting TAMs, including a Phase II trial with the CSF1R-inhibitor PLX3397 for recurrent glioblastoma (NCT01349036) and a Phase I trial with the anti-CSF1R antibody IMC-CS4 for advanced solid tumors (NCT01346358). TIE2-expressing monocytes/macrophages (TEMs) are a highly-angiogenic and immune-suppressive TAM subpopulation that expresses the angiopoietin receptor TIE2 and are often aligned in close juxtaposition to blood vessels through endothelial cell expression of the TIE2 ligand ANG2 [50, 58, 59 ]. TIE2 was originally described as an endothelial cell receptor that could either bind ANG1 to promote vessel stability, or bind ANG2 to antagonize TIE2-ANG1 effects; thus inhibiting the ANG2-TIE2 axis also has, in addition to targeting TEMs, direct effects on the tumor endothelium [60] . The immunosuppressive nature of TEMs is thought to come largely from their ability to produce IL-10, which inhibits T cell activation and stimulates the expansion of Tregs [61] . The relevance of TEMs to tumor angiogenesis and subsequent tumor growth has been demonstrated by either selectively ablating TEMs, either via TIE2 promoterdriven thymidine kinase expression or by antibody-mediated neutralization of ANG2, approaches which led to striking vessel regression in mouse models of mammary, pancreatic neuroendocrine (PNET), and brain tumors [62, 63] . Importantly, although TIE2 was also expressed on the tumor endothelium, knockdown of TIE2 expression in TEMs was sufficient to drive vessel regression. Such results have spurred the development of therapeutic approaches that inhibit the TIE2-ANG2 axis [64] . For example, the ANG1/2-neutralizing Fc-peptide fusion AMG-386 is currently in a Phase II clinical trial for castration-resistant prostate cancer in combination with abiraterone (NCT01553188), and a Phase III clinical trial for ovarian, peritoneal, and fallopian tube cancer in combination with paclitaxel (NCT01204749). Interestingly, because TEMs were found to represent a highly angiogenic and immune-suppressive fraction of TAMs, it seems possible that the effect of CSF1R-inhibition on activating immunity is through the selective depletion or conversion of TEMs [59, 62] . Indeed, CSF1 has been shown to induce TIE2 expression on macrophages, thus linking CSF1R and TEMs [65] . This would suggest that CSF1-CSF1R and ANG2-TIE2 act in concert to drive the TAM phenotype.
CD11b + Gr1-expressing cells are a diverse group of myeloid cells in mice composed of multiple populations including neutrophils and MDSCs [41, 66] . Similarly to TAMs, tumor-associated neutrophils (TANs) have been described as either N1 or N2 based on their relative level of cytotoxicity and expression of inflammatory factors [67] Low ) features [68] . Similarly to TAMs and TEMs, MDSCs suppress antitumor immunity by inhibiting T cell activity and inducing Treg expansion [25] . The angiogenic properties of tumor-associated Gr1 + CD11b + cells have been demonstrated in various tumor models at least in part via VEGF and MMP-9 production [17] [18] [19] [20] 69] . However, most studies relating to the proangiogenic activities of Gr1 + cells during tumor progression have not differentiated between neutrophils and MDSCs, but only referred to them as Gr1 + CD11b + cells, thus the precise Gr1-expressing myeloid cell population responsible for such activity is currently unclear. Notably, Gr1 + CD11b + cells appear to play a more prominent role in therapeutic resistance to antiangiogenic therapy, as discussed further below.
In summary, these results highlight that multiple myeloid cell populations contribute to the modulation of tumor angiogenesis and immunity. It is therefore tempting to speculate that such functional redundancies can result in the compensation of TAMs by Gr1 + cells, and vice versa. In support of the existence of such a compensatory mechanism, TAMs were found to drive angiogenesis in a spontaneous model of cervical cancer through the production of MMP, but genetic ablation of TAMs resulted in the recruitment of MMP9-producing TANs, which then took over the role of promoting blood vessel formation [70] .
Regulation of myeloid cell recruitment and function by hypoxia How do tumors assemble the mobilization and infiltration of protumoral myeloid cells? Although tumors can inherently produce factors involved in myeloid cell recruitment, expansion, and differentiation (including G-CSF, CSF-1, GM-CSF), there is emerging evidence that low oxygen tension activates many of the molecules and pathways that not only attract myeloid cells but also polarize them to an angiogenic and immune-suppressive phenotype. This is conceivable because hypoxia is a major regulator of angiogenesis and is mediated by the hypoxia-inducible factor (HIF) family of transcription factors that coordinate a transcriptional program that ensures metabolic and vascular adaptation to low oxygen tension (Figure 1 ) [71, 72] . HIF stabilization leads to an upregulation of various proangiogenic growth factors and chemokines that, in addition to directly engaging in vessel growth leads to an upregulation of various proangiogenic growth factors and chemokines like VEGF, PIGF, and ANG2 [72] [73] [74] [75] , facilitate the mobilization and recruitment of bone-marrowderived myeloid cells that support neovascularization to the tumor site [76] . VEGF is one of the most prominent hypoxia-regulated angiogenic factors that, in addition to affecting endothelial cells, can serve as a mobilizer and chemoattractant for myeloid cells via VEGFR1 on monocytes [77] . Further, CXCL12 (SDF1a), implicated in the retention of myeloid cells, is induced by HIF-1a [16, 78] , as is its chemokine receptor CXCR4 [79, 80] . HIF-1a is pivotal to mediate SDF1a and VEGF-dependent angiogenesis in a mouse model of glioblastoma multiforme (GBM), an aggressive brain tumor that constitutes one of the most angiogenic and hypoxic tumors [81] . Genetic deletion of Hif1a in tumor cells abrogated vascular remodeling concomitant with a substantial reduction of tumor-infiltrating myeloid cells. Furthermore, blood vessel formation in GBM was found to rely, to a substantial degree, on myeloidderived MMP9 that released ECM-sequestered VEGF, thus underscoring the concept that HIF-1a-mobilized myeloid cells can indeed evoke angiogenesis.
Semaphorin3A (SEMA3A) is another hypoxia-induced factor in tumors that is implicated in macrophage recruitment and subsequent angiogenesis. SEMA3A interacts with the transmembrane guidance protein neuropilin 1 (NRP1) which drives signaling of a plexin A1/plexin A4/ VEGFR1 holoreceptor complex that leads to VEGFR1 activation in TAMs and their subsequent migration into hypoxic regions where they secrete various immune suppressive and proangiogenic factors including ARG1, CCL22, IL-10, VEGF, SEMA3A, and MMP9 [82] . As soon as TAMs are positioned in the hypoxic environment, NRP1 expression is repressed; this terminates the migratory response of TAMs to SEMA3A. Interestingly, hypoxiadependent NRP1 repression is facilitated by HIF-2a-mediated activation of the NF-kB pathway. Loss of NRP1 on macrophages prevents TAM infiltration in hypoxic regions and thereby maintains an immune-stimulatory phenotype, resulting in delayed tumor growth, which is in turn characterized by impaired vascularization and improved antitumor immunity [82] . As mentioned above, hypoxiainduced factors also activate Tregs. In fact the gene for the Treg transcriptional master regulator FOXP3 (forkhead box P3) contains putative hypoxia response elements within its promoter, rendering its expression sensitive to HIF-1a activation [83] . Taken together, hypoxia and hypoxia-inducible factors regulate a wide range of tumorpromoting processes including neovascularization, immune suppression, and the recruitment of protumoral myeloid cells (Figure 1, Box 1) .
Innate immune cells regulate re-neovascularization during antiangiogenic therapy Hypoxia-induced infiltration of myeloid cells also represents a key escape mechanism for tumors to evade the effects of antiangiogenic therapy, in part by stimulating VEGF-independent pathways ( Figure 1, Box 2) [16, 63] . As mentioned above, Gr1 + CD11b + cells, presumably containing neutrophils, G-MDSC, and M-MDSC, were found to be responsible for the resistance to VEGF-blockade in experimental mouse models of lymphoma and lung carcinoma [22] . These cells expressed a variety of immune-suppressive and angiogenic factors, were recruited to therapyrefractory tumors, and, when transferred to mice harboring tumors that were sensitive to antiangiogenic therapy, rendered non-refractory tumors resistant. Furthermore, Gr1 + cell depletion with an anti-Gr1 antibody enhanced the response of refractory tumors to VEGF-blockade to a certain extent. Gr1 + cell depletion also reduced blood vessel density within tumors, further implicating a role for Gr1 + cells in VEGF-independent angiogenesis. Interestingly, Gr1 + CD11b + cells underwent selective expansion in the bone marrow of mice harboring resistant tumors, suggestive of a role for tumor-derived factors in Gr1 cell recruitment. Indeed, later studies revealed Gr1 + cell mediated resistance was mediated by an IL-17/GCSF/Bv8 axis that drives the expansion and recruitment of these cells to tumors [84] . Although the identification of the precise Gr1 + populations involved with Bv8-mediated resistance remains unclear, these studies demonstrate that Gr1-expressing cells can drive resistance to antiangiogenic therapy.
Preclinical studies in mice that develop spontaneous PNETs have revealed adaptive upregulation of the ANG2-TIE2 signaling axis during VEGFR2 inhibition concomitant with enhanced infiltration by TEMs [21] . Conversely, dual ANG2/VEGFR2 blockade suppressed revascularization and progression in PNET undergoing VEGFR2 inhibition [21] . Another study found that, although the vascular-disrupting agent combretastatin A4 phosphate (CA4P) was able to control the growth of spontaneous MMTV-PyMT mammary tumors, the hypoxia it produced from destroying the tumor vasculature enhanced CXCL12 expression and led to the infiltration of CXCR4 + TEMs [85] . These TEMs then shielded the residual tumor from the effects of CA4P. Indeed, pharmacological inhibition of CXCR4 impeded TEM infiltration and exacerbated CA4P antitumor effects. These results suggest that vessel regression by VEGF blockade or vascular disrupting agents induces the expression and secretion of ANG2, which activates TIE2-mediated VEGF-independent angiogenic activity of TEMs in a non-redundant fashion.
ANG2 has also been shown to impair the efficacy of VEGF-blockade in numerous other preclinical models [21] . It is worth noting that, although the additive effects of dual ANG2/VEGF-inhibition on tumor vascularity have been described in these various models, still little is known as to what extent this approach impacts upon antitumor Box 2. Escape mechanisms from antiangiogenic therapy Antiangiogenic therapies targeting the VEGF signaling pathway inhibit tumor angiogenesis and generate an antitumor response; however, this response is typically transient, and tumors develop resistance by either reinstating the angiogenic cascade or though circumventing the need for angiogenesis. Reinstatement of neovascularization can involve the expression of alternative angiogenic growth factors by the tumor and/or the recruitment of myeloid cells that express such factors, which results in the induction of VEGFindependent angiogenesis (see Figure 1 in main text) . To bypass the need for neovascularization, tumors have been found to alter the manner in which they grow, or to utilize vessels that were able to withstand the deleterious effects of therapy owing to increased pericyte coverage. Numerous preclinical studies have demonstrated that targeting VEGF signaling can result in an invasive or metastatic growth pattern that presumably can overcome the antitumor effects of VEGF-blockade [100] [101] [102] [103] . For example, genetic ablation or pharmacological inhibition of VEGF signaling in Rip1Tag2 transgenic mice harboring pancreatic neuroendocrine tumors resulted in a substantial increase in tumor cell invasion as well as increased metastatic dissemination [101] , while targeting VEGF in glioblastoma models resulted in a perivascular pattern of invasive tumor growth [100, 102] . Interestingly, these invasive growth patterns were due to activation of MET [102, 103] . Re-neovascularization was also found to be dispensable in tumors whose vasculature had substantial pericyte coverage [104] . Antiangiogenic therapy was unable to overcome pericyte-derived endothelial cell survival cues, and tumors exploited such vessels for their growth in the absence of re-neovascularization. Only after targeting pericytes was antiangiogenic therapy able to induce an antitumor response.
immunity. This is a timely question that warrants close attention because there are currently multiple ongoing Phase I (NCT01688960, NCT01688206, NCT01248949) and Phase II (NCT01664182, NCT01249521) clinical trials assessing the effects of combined ANG2/VEGF pathway inhibition in various advanced cancers. Given the identification of the TIE2-ANG2 axis as an escape mechanism for tumors to reinitiate growth in the face of VEGF inhibition, it will be important to see whether ANG2 inhibition will benefit patients whose tumors have become refractory to anti-VEGF treatment and whether this is due to combined effects on the vasculature and immunity.
While not specifically assessing the role of TEMs, another study demonstrated that TAMs limit the sensitivity of tumors to multiple antiangiogenic approaches targeting the VEGF pathway [86] . Macrophage depletion using clodronate was found to enhance the effects of VEGF-blockade on blood vessel reduction; therefore the antagonizing activity of TAMs on angiogenesis inhibition was due to their proangiogenic functions. Furthermore, antiangiogenic therapy reduced tumor blood vessel density without reducing TAM content, suggesting that these cells undergo a phenotypic switch, as opposed to becoming selectively recruited, when tumors respond to treatment or become refractory. In line with this notion, VEGF-blockade enhanced the expression of genes encoding several angiogenic factors, including VEGF, SDF1, FGF1 and 2, MMP9, CXCL1, and PLGF. Similarly, targeting the VEGFR1-ligand PlGF was sufficient to reproduce the effect of TAM depletion, and blocked the induction of angiogenic gene expression in response to antiangiogenic therapy [86] ; thus PlGF facilitates macrophage recruitment and phenotypic programming. Indeed, macrophage-secreted PlGF was found to act in an autocrine fashion to drive TAM polarization towards an immune-suppressing phenotype, while inhibiting PlGF expression with histidine-rich glycoprotein induced an immune-stimulating TAM phenotype characterized by reductions in Mrc1, Arg1, Ccl2, and Il10 expression, and an increase in Cxcl9 [23] .
Congruent with this observation, we found that angiogenic inhibitors targeting the VEGF/VEGFR pathway were able to skew distinct intratumoral myeloid cells to an immune-stimulatory and angiostatic phenotype in mouse models of pancreatic and mammary tumors if the myeloid PI3Kd/g pathway was non-active (unpublished observations). PI3Kg is a class IB PI3K isoform that is highly enriched in myeloid cells, and facilitates myeloid cell infiltration and inflammation in tumors [19, 87, 88] . In further support of these observations, targeting mTOR (mechanistic target of rapamycin), a downstream component of the phosphoinositide 3-kinase (PI3K) signaling pathway, with the inhibitor rapamycin caused monocytes to differentiate to immune-supporting macrophages, while knockdown of the tuberous sclerosis complex 2 (TSC2), an upstream negative regulator of mTOR, promoted an immunosuppressive and angiogenic phenotype [89] . Moreover, macrophage depletion was sufficient to block the antiangiogenic effects of rapamycin in murine tumor xenografts [89] . Together, these studies suggest that enhancing macrophage-mediated immune suppression and angiogenesis can allow persistent tumor growth in the face of VEGF blockade.
Given the tie between immune suppression and angiogenesis, specifically targeting the VEGF/VEGFR pathway should exhibit beneficial effects because VEGF not only promotes angiogenesis but also mediates different suppressive effects on the immune response ( Figure 2 ) [35] . In turn, recent data have provided evidence that VEGF inhibition enhances immune-therapeutic approaches by improving overall vessel perfusion and creating a homogeneous distribution of perfused vessels throughout the tumor [90] . This led to decreased hypoxia and polarized TAMs to an immunesupporting state that resulted in increased T cell infiltration. Further, vascular normalization by deletion of Rgs5 (regulator of G protein signaling 5) in pericytes increased T cell infiltration into tumors and substantially improved survival after adoptive T cell transfer in mice [91] . Importantly, VEGF inhibition directly affected myeloid cells because it enabled dendritic cell maturation and function, which lead to an increase in intratumoral effector T cell numbers.
Concluding remarks
Recent successes in the clinic underscore the therapeutic benefit of activating the immune system in cancer, but the overall response rate of immune therapy has been modest. Similarly, therapies to disable vascular growth in tumors have also shown beneficial effects in many cancer patients, but they are transient and followed by fast regrowth. By combining the two strategies, however, antiangiogenic immunotherapy offers the possibility to more vigorously inhibit tumor angiogenesis and simultaneously impact upon the immune-inhibitory effects of the pro-angiogenic tumor milieu. One such approach could entail the reprogramming of intratumoral myeloid cells in combination with antiangiogenic therapy. This is based on the prevailing view that myeloid cells exert immune-stimulating as well as immune-suppressive properties to convey differing functions in the homeostasis repair program. Tumors, to grow and progress, produce factors to hijack myeloid cells and induce their immune-suppressive and proangiogenic properties. In lieu of the fact that both angiogenesis and immunosuppression are regulated by myeloid cells, and coincide, raises the question whether myeloid reprogramming may not only promote immune stimulation but also blunt the angiogenic contribution of myeloid cells -which together should substantially extend the efficacy of antiangiogenic therapies. In support of this notion, recent approaches of antiangiogenic immune therapies that entail blockade of self-tolerance checkpoints to reverse immune suppression, such as the anti-CTLA-4 antibody ipilimumab and PD1-antibody lambrolizumab in combination with bevacizumab, have revealed encouraging preliminary results. Among 46 melanoma patients, combined therapy with ipilimumab and bevacizumab yielded a 19.6% objective response rate and a median survival of 25.1 months -roughly twice the expectations for ipilimumab alone in metastatic melanoma [92, 93] . Ongoing and future studies will be instrumental in determining the appropriate combinations of antiangiogenic therapies with various immune-modulating strategies that can more robustly inhibit tumor angiogenesis and promote an enduring immune-stimulatory milieu that leads to prolonged survival benefits in cancer patients. There are a plethora of questions (Box 3) that such studies could address to understand the link between angiogenesis and immunity, and specifically to obtain a more sophisticated and nuanced understanding of the mechanisms of myeloid cell programming and functional plasticity during tumor angiogenesis and antiangiogenic therapies. The knowledge forthcoming will yield new insights into the nature and function of the heterogeneous myeloid cell populations and provide valuable information as to how these cells can be exploited for therapeutic strategies. These studies may further identify the most efficient strategies to block myeloid-driven angiogenesis and immune suppression, for example by exploiting different approaches to either manipulate myeloid reprogramming or hinder trafficking to tumors.
Box 3. Outstanding questions
What are the local mediators and conditions in tumors in addition to hypoxia that program angiogenic and immune-suppressive features of myeloid cells? Understanding under which circumstances tumors skew innate immune cells from promoting immunity to supporting angiogenesis and suppressing immunity will be instrumental in designing novel therapeutic strategies. Because angiogenesis and immune-suppression appear to be coregulated in innate immune cells, do immune-stimulatory myeloid cells become angiostatic? Determining the molecular mechanisms responsible for the inter-regulation of these differing phenotypes may uncover more efficient ways to inhibit the protumoral aspects of innate immune cell behavior. Does VEGF inhibition, in addition to directly blocking endothelial cell proliferation, foster an immune-stimulating and angiostatic environment in tumors? Does VEGF inhibition affect myeloid polarization? Myeloid cell phenotypes may change during antiangiogenic therapy, thereby restraining tumor propagation in responding tumors while exacerbating it upon tumor relapse. To what extent does the efficacy of antiangiogenic therapy hinge on fostering an immune-stimulatory environment? Will the effects of antiangiogenic therapy be enhanced and prolonged with inhibitors that reprogram myeloid cells and create a durable immune-stimulating microenvironment to impede reneovascularization and enhance T cell mediated cytotoxicity?
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